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The need for long-term studies to understand ecological dynamics is widely recognized
but has not been satisfactorily addressed to date. The development of “long-term” (LT)
observatories has aimed to improve the situation, but the main handicaps are that we
should wait for generations to yield reliable results and that a number of ecological
processes occurring at time scales larger than centuries will not be fully resolved.
Palaeoecology can provide the needed time scale for true long-term ecology, but it is
limited by the ability to merge ecological, and palaeoecological data into continuous time
series. This paper suggests a practical way of attaining such goals based on the concept
of time continuum. A short review is provided on the main handicaps for palaeoecological
records to be incorporated into current ecological datasets and the recent improvements
in the field. A global network of past-present-future ecological observatories (PPFEO)
centered around lakes with annually-laminated sediments could act as a means of
producing truly long-term and continuous ecological records by combining high-resolution
palaeoecological techniques with ecological methods commonly used in LT observatories.
Keywords: time continuum, long-term ecology, ecology-palaeoecology synergy, time series, long-term
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SPACE AND TIME IN ECOLOGY
Perhaps one of the main tenets of modern ecology is the notion
that relevant ecological patterns and processes should be con-
sidered globally to find sound explanations and make accurate
predictions about key functional aspects of the biosphere. The
study of worldwide biogeochemical cycles and matter/energy bal-
ances underwent a spectacular boost during the last decades of the
20th century and has attained a significant amount of data to run
models using a global scope (Regnier et al., 2013; Schlesinger and
Bernhardt, 2013; Smith et al., 2014). Therefore, in terms of space,
ecologists have already attained a solid and likely enduring aware-
ness on the appropriate ecological framework. Time, however,
has not been equally appreciated, although some progress has
been made. In recent decades, ecologists have realized that many
ecological processes should be studied on a long-term basis to
infer functional ecosystem features, to calibrate and validate eco-
logical models, and to forecast potential ecological responses to
future environmental change (Clutton-Brock and Sheldon, 2010;
Magurran et al., 2010). This has led to the creation of global
databases (Edwards et al., 2010; Peters, 2010), and the establish-
ment of worldwide networks of ecological observatories that aim
to provide “long-term” records of pivotal ecological parameters
and processes in the near future (http://www.lternet.edu/). In this
context, it is not uncommon to consider decadal or secular eco-
logical time series as “long-term” series. The main handicaps of
this approach are that we should wait for generations to yield
reliable results and that a number of ecological processes that
occur at time scales larger than centuries—e.g., ecological suc-
cession, range shifts, migration, extinction, community assem-
bly, biotic responses to global environmental changes, etc.—will
not be fully resolved and understood. Present day communi-
ties originated and assembled after the Last Glacial Maximum
(LGM; between 26,500 and 19,000 years ago) (Lecavalier et al.,
2014); therefore, the time frame needed to properly understand
their temporal dynamics is larger than one or a few centuries.
Palaeoecology can provide the needed time scale for true long-
term ecology (Rull and Vegas-Vilarrúbia, 2011), but it is limited
by the ability to merge ecological and palaeoecological data into
consistent and continuous time series. This paper contends that
past-present-future data series of this type are possible and sug-
gests a way of attaining this goal based on the concept of the time
continuum.
TIME CONTINUUM
The conceptual separation between past and present is a human
construction. Time is a continuum through which species and
communities flow, interact, and evolve. A biosphere of the past
and a biosphere of the present do not exist separately; there
is a single biosphere where ecological and evolutionary pro-
cesses have occurred continuously since the origin of life on
earth. Therefore, there is no ecology of the past (palaeoecology)
and no ecology of the present (modern ecology or neoecol-
ogy) but rather a single ecology (general ecology) that includes
both. Historically, ecology and palaeoecology have been sepa-
rated for primarily psychological and methodological reasons,
not because there are any differences between them per se (Rull,
2010). We hope that the psychological barrier will be overcomed
if we are able to find suitable methods to combine ecological
and palaeoecological records to produce true long-term records
(sensu Rull and Vegas-Vilarrúbia, 2011), rather than insisting on
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the need to merge ecology and palaeoecology from a theoretical
framework.
ECOLOGY AND PALAEOECOLOGY
Some ecological palaeoecologists whose interest is to reconstruct
past ecological dynamics rather than solely past environmental
changes have addressed the potential usefulness of past records
for ecological knowledge (e.g., Davis, 1981; Birks, 1993, 2013a;
Jackson, 2001; Flessa and Jackson, 2005; Rull et al., 2013; Seddon
et al., 2014). However, these claims have not been fruitful thus far.
Some of these palaeoecologists have attempted to enter the eco-
logical arena by publishing papers on palaeoecology in general
ecological journals rather than palaeoecological journals (e.g.,
Birks, 1996; Restrepo et al., 2012; Rull, 2012; Jackson, 2013;
Seddon et al., 2014), or by highlighting the usefulness of palaeo-
data for nature conservation (e.g., Birks, 1993, 1996; Willis et al.,
2010; Vegas-Vilarrúbia et al., 2011; Birks, 2013b; Gillson and
Marchant, 2014; Seddon et al., 2014). In spite of this, the lack
of synergy between ecological and palaeoecological communities
persists and is delaying the advancement of ecological knowl-
edge and the potential impact of its applications on important
topics, such as nature conservation and the sustainable use of
ecological services. A number of ecologists are only interested in
present-day ecology or are ignorant of what palaeoecology can
tell them. Others are aware of the relevance of palaeoecology but
rarely consider past records a useful tool for ecological studies.
The more usual reasons for many ecologists to ignore palaeoe-
cological results as potential ecological inputs have been the
following (Huntley, 1996, 2012; Rull, 2012): (i) the lack of enough
time resolution in palaeoecological reconstructions, (ii) the often
incomplete (fragmentary) nature of palaeoecological evidence,
(iii) the lack of enough taxonomic resolution, that is, the difficulty
of identifying most fossils at the species level, (iv) the difficulty
of equating fossil-based measures with present measures, notably
abundance and diversity, (v) the lack of taxonomic continuity
between past and present communities due to evolution, (vi) the
poor development of quantitativemethods and the rather qualita-
tive nature of palaeoecological studies in comparison to ecological
studies, and (vii) the strong bias of palaeoecologists toward past
environmental reconstructions rather than ecological reconstruc-
tions. It could be added that the inherently human psychological
disconnection between past and present has also been a major
handicap for the desired synergies (Rull, 2010). Ecologists should
be able to understand and use palaeoecological data but palaeoe-
cologists should also make an extra effort to adapt their data
to the requirements of the research field of ecology to promote
interaction.
TIME RESOLUTION
The first point (i) is the responsible for the lack of continu-
ity between ecological and palaeoecological time series. Indeed,
palaeoecological surveys of a time resolution comparable to eco-
logical records are very rare. This is a serious handicap that
has led to a fundamental disconnection between ecological and
palaeoecological databases of global scope (Peng et al., 2011).
The time resolution needed for ecological studies varies accord-
ing to the duration of the lifecycle of the involved organisms.
For example, in the case of forests dominated by trees with
life spans of centuries or millennia, decadal studies are clearly
insufficient for a sound ecological appraisal. But even in the
case of very short life spans, for example in planktonic organ-
isms, there is a seasonal environmental control that makes year
round studies (ideally multi-year studies) necessary for a sound
understanding of the ecological functioning of these commu-
nities (e.g., Köster and Pienitz, 2006; Bunbury and Gajewski,
2008). In palaeoecology, annual resolution is possible in a spe-
cial type of laminated sediments, referred to as varved sediments,
or in cases of very high accumulation rates (Ojala et al., 2012).
Laminated sediments are more frequent in continental rather
than marine environments, where sedimentation rates are also
comparatively lower. Exceptions include certain coastal areas
with strong seasonal dynamics that allow the development and
preservation of seasonal layers of sediments (Riboulleau et al.,
2014). Several detailed studies conducted so far in Europe and
North America have demonstrated the high ecological poten-
tial of these special types of sediments but this potential has
not been fully exploited yet (Hughes and Ammann, 2009). In
temperate regions, dendrochronology can provide powerful high-
resolution tools to study forest dynamics (Foster et al., 2014;
Galván et al., 2014). Other palaeoecological archives that could
be useful for ecological purposes are the growth rings of corals
(Bramanti et al., 2014), speleothems (Feurdean et al., in press), or
ice cores (Alley, 2011). Studies of annual resolution are feasible
and meaningful for both ecology and palaeoecology; therefore,
annual resolution seems to be an excellent link to produce contin-
uous, homogeneous, and coherent long-term ecological records
(Figure 1).
RECORD INCOMPLETENESS AND TAXONOMIC RESOLUTION
Record incompleteness (point ii) may refer to the lack of con-
tinuity in the sedimentary records themselves or to the biased
representation of organisms in the fossil record due to differential
preservation, or both. Sedimentary continuity tends to be higher
in permanent water bodies than in terrestrial and temporarily
flooded environments, due to either erosion, the lack of depo-
sition, or both. Additionally, continuity is usually higher in recent
(Quaternary) sediments than in older sediments, which have been
submitted tomore tectonic and erosional processes. The preferred
locations for palaeoecologists seeking continuous sedimentary
records are lakes that originated after the LGM. Differential
preservation favors the persistence of organisms with hard ele-
ments able to endure post-depositional diageneses, whereas oth-
ers that might be equally significant from an ecological point
of view are lost. Fortunately, palaeoecological methods are con-
tinuously advancing, and we now have a wide range of new
possibilities beyond the classical paleontology. Indeed, organisms
without hard structures may be recorded in the sediments by their
characteristic chemical imprints (biomarkers), and also by their
genetic material (DNA, RNA) that can be analyzed at a molecular
level and identified to species resolution (e.g., Boere et al., 2009;
Coolen et al., 2013) (point iii). Molecular palaeoecology is now in
full expansion (Anderson-Carpenter et al., 2011; Hofreiter et al.,
2012), and will likely lead to significant improvements toward
more complete palaeocommunity reconstructions.
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FIGURE 1 | Timescales of ecological and palaeoecological studies
showing the shared temporal window, ranging from seasons to
decades. The higher resolution (HR) of combined ecological-
palaeoecological time series is attained using seasonal records, whereas
the lower resolution (LR) occurs in decadal records. In palaeoecology,
seasonal resolution is more difficult to attain than annual resolution, which
is more feasible and seems a suitable framework for continuous long-term
ecological records.
ABUNDANCE AND DIVERSITY
Biases in the fossil record due to differential preservation also
determine inconsistencies between the abundance of a given fos-
sil and the abundance of its parent organism in the original living
community (point iv). In some cases, these inconsistencies are
magnified by other processes such as differential production and
transport, as occurs in the case of pollen. As a consequence, diver-
sity measures, such as richness and equitability, are commonly
distorted in the fossil assemblage compared to the living commu-
nity. Several strategies have attempted to quantitatively calibrate
fossil and living abundances using modern analogs (Jackson and
Williams, 2004; Jackson, 2012). In these studies, the basic assump-
tion (based on the principle of uniformitarianism) is that modern
fossil assemblages, once sedimented, have been submitted to
the same processes as fossil assemblages, except for diagenesis.
Therefore, we can calibrate the abundance of the components of
a modern assemblage with parameters from their sources, such as
relative abundance of the living organism involved, its cover (in
the case of vegetation), the distance to its source, and other quan-
titative relationships (Gaillard et al., 2008; Zheng et al., 2014), to
generate models and transfer functions that can be applied to fos-
sil assemblages to estimate the past values for these parameters.
The diversity of fossil assemblages cannot give direct and accurate
measures of the diversity of the original living community. The
better cases are those of fossils representing complete organisms,
such as diatoms or foraminifers; the worst case is again repre-
sented by vegetation reconstruction using pollen analysis. One
possibility to address this problem could be the combined use of
pollen and macrofossils, which are more local in origin and less
dependent on production and transport factors (Birks and Birks,
2000). However, as macrofossils are random parts of the whole
organism, diversity estimation is always problematic. Some stud-
ies have shown that pollen diversity and vegetation diversity do
not coincide (Goring et al., 2013), while others show that their
trends can be consistent, and it may be possible to derive com-
munity diversity changes in time from fossil diversity tendencies
(van der Knaap, 2009). Diversity estimation using transfer func-
tions has been rarely attempted and might be potentially useful.
Research in this field is presently very active (Goring et al., 2013;
Keen et al., 2014).
EVOLUTION AND COMMUNITY TURNOVER
Points v and vi refer to taxonomic turnover of communities
due to speciation and extinction, which makes past and present
communities incomparable, or at least discontinuous in time.
Extant communities were assembled and developed during the
Quaternary, where many new species emerged and others became
extinct (Davis, 1981; Huntley and Birks, 1983; Graham et al.,
1996; Rull, 2011). These communities, however, have remained
relatively constant during the Late Glacial and the Holocene,
where no significant speciation and extinction events have been
documented, and spatial reorganization in response to environ-
mental changes has been the rule (Willis and Bhagwat, 2009).
Exceptions are communities that have been significantly modi-
fied as a result of the megafaunal extinctions occurred during the
Late Pleistocene, which affected not only animal but also plant
communities (Gill et al., 2009). Contrastingly, one single plant
extinction has been documented so far for the whole Quaternary,
which occurred during the last deglacial phase (Jackson and
Weng, 1999). Therefore, the Late Glacial and the Holocene can
provide us a truly long record of extant community dynamics
and internal and external drivers involved, which can be espe-
cially useful as past analogs to infer potential ecological responses
to eventual future environmental changes (Williams and Jackson,
2007; Williams et al., 2007).
QUANTITATIVE DEVELOPMENTS
In the past, palaeoecological and palaeoenvironmental recon-
structions were mostly qualitative or semi-quantitative, but this
has notably changed during recent decades. At present, palaeoe-
cological studies are based on quantitative multivariate datasets
that are analyzed with a variety of statistical techniques includ-
ing the latest developments in numerical analysis (Birks et al.,
2010, 2012; Birks, 2013c). Additionally, several regional and
global databases exist that are available to researchers interested in
developing meta-analysis on particular subjects and selected time
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intervals (Fyfe et al., 2009; Peng et al., 2011; Brewer et al., 2012;
Grimm et al., 2013). It could be said that the idea of Palaeoecology
as a qualitative discipline is a myth that is no longer tenable, but it
is equally true that there is still room for improvement in the use
of numerical methods and datasets for palaeoecological research.
ECOLOGICAL PALAEOECOLOGY
Point vii is still a challenge for ecology and palaeoecology inte-
gration, but there are signs of change that are encouraging. For
example, the concept of ecological palaeoecology, although it
may seem redundant, has emerged from the need of differentiat-
ing palaeoecologists interested in ecological dynamics from those
whose aim is to reconstruct past environments, mostly address-
ing climate. Palaeoclimatology is now experiencing a significant
development, as it has proven to be useful to calibrate and val-
idate global climatic models based on general circulation and
energy balance, as well as to reconstruct past atmospheric and
oceanic circulation, thus suggesting previously unknown causal
mechanisms for climate change. These developments are com-
monly used in forecasts of future global change (Stocker et al.,
2013). Ecological palaeoecologists have also conducted some steps
in the potential application of palaeoecological results to eco-
logical knowledge in general, especially in reference to nature
conservation in the face of future events (Willis et al., 2010; Vegas-
Vilarrúbia et al., 2011; Gillson and Marchant, 2014), but there is
still much room for improvement.
CONTINUOUS PAST-PRESENT-FUTURE TIME SERIES IN
PRACTICE
To overcome the drawbacks discussed above, we need practical
proposals. Presently, the theoretical basis for fruitful ecological-
palaeoecological synergies seems robust, and a large number of
priority hypotheses and questions that need to be addressed have
already been identified (Seddon et al., 2014). Now, we need a fea-
sible strategy to put them into practice. We should be able to
combine present-day ecology with palaeoecology in a way that
can be satisfactory for the practitioners of both disciplines who
are willing to share the common objective of understanding the
ecological functioning of the biosphere—the common goal of
ecology and palaeoecology (Rull, 2010). Thus, far, palaeoecol-
ogists have attempted to attract the attention of ecologists by
highlighting the suitability of palaeo-data for ecology, but this
has been unsuccessful. Therefore, new ideas are necessary. A
more pragmatic strategy is to launch collaborative projects of
long-term ecological research that include past (palaeoecology),
present (modern ecology), and future (ecological monitoring)
evidence aimed at combining all these data in a single time series
of the same temporal and taxonomic resolution. An initiative
of this type is the PalEON Project, which aim is “to recon-
struct forest composition, fire regime and climate in forests across
the northwestern US and Alaska over the past 2000 years and
then use this to derive and validate terrestrial ecosystem models.”
(http://www3.nd.edu/∼paleolab/paleonproject/).
To develop a global network of continuous long-term ecolog-
ical records of annual resolution, we do not need to create any
special infrastructure, as the already existing network of “long-
term” ecological observatories (LTER and similar) may represent
a good starting point. In some cases, we could benefit from the
already existing LTER sites to develop palaeoecological and palae-
olimnological studies in lakes located near these sites. Examples
are some alpine lakes of the Colorado Front Range (USA), where
high-resolution palaeolimnological studies on nitrogen deposi-
tion during the last centuries has been used to forecast potential
future biotic responses to anthropogenic pressure, as part of
the study of the Niwot Ridge LTER site (Wolfe et al., 2000). In
other cases, we could propose the emplacement of new ecological
monitoring stations inside catchments with suitable palaeoeco-
logical archives, thus transforming these eventual observatories
into truly long-term stations. According to the six points analyzed
above, the optimal locations for these past-present-future ecolog-
ical observatories (PPFEO) would be catchments with lakes con-
taining continuous and annually laminated sedimentary records
that include the Late Glacial and the Holocene. The advantage of
lake sediments is that they contain fossils from the aquatic biota
and also from terrestrial ecosystems present in the catchment
thus facilitating integral palaeolimnological and palaeoecologi-
cal reconstructions. Ideally, this procedure should be developed
synchronously at different representative locations worldwide to
obtain a global scope. In this way, we might be capable of pro-
ducing continuous records of annual resolution since the LGM.
This time scale appears sufficient to find well-documented expla-
nations of ecological change at the ecosystem level, as well as to
optimize functional and predictive ecological models.
An example of continuous and homogeneous past-present
records of annual resolution is provided by Northern Hemisphere
temperature reconstructions of the last millennium (Figure 2).
Similar long-term ecological records would be possible for sub-
jects as varied as population dynamics, community assembly,
ecological succession, biodiversity shifts, migration patterns and
range shifts, biotic responses to environmental changes, changes
in forest cover, land use patterns, fire incidence, nitrogen depo-
sition, carbon sequestration, or lake acidification, among many
others. Such long-term annual data series would provide huge
and coherent datasets with optimal statistical reliability to be ana-
lyzed with numerical methods and unravel trends, cycles, and
other processes impossible to be captured at decadal to centennial
time scales. In addition, it would be possible to check whether the
present-day ecological state is consistent with historical trends or,
on the contrary, it is anomalous, as it occurs for example with
modern temperature trends as compared to the last millennium
records (Figure 2).
CONCLUDING REMARKS
According to the points discussed above, palaeoecology is able
to achieve temporal and taxonomic resolutions compatible with
modern ecology observations using continuous long-term (mil-
lennial) quantitative records of extant community change and
its drivers. It appears that the continuity between palaeoeco-
logical and ecological time series is possible, provided we are
capable of improving several aspects of palaeoecological data and
their presentation. Improvements are still needed in the seven
areas discussed above, particularly on points iii (taxonomic res-
olution), and iv (abundance and diversity measures), but recent
advances in molecular genetics are very promising and have been
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FIGURE 2 | Northern Hemisphere temperature reconstructions of
the last millennium. Palaeorecords are based on tree rings and ice
cores, present-day records are from instrumental measures.
Temperature anomalies are calculated using the average annual
temperature of the period 1902–1980. Redrawn from Mann et al.
(1999).
successful in other ecological areas (Cavender-Bares et al., 2009,
2012; Marske et al., 2013). Despite the remaining limitations,
the launch of collaborative long-term projects of the type sug-
gested in this paper is already possible and may be the best
strategy to identify the methodological and psychological aspects
that require further attention for true ecological-palaeoecological
synergies.
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